As a cellular organelle, the cilium contains a unique protein composition [1, 2] . Entry of both membrane [3] [4] [5] and cytosolic [6] [7] [8] components is tightly regulated by gating mechanisms at the cilium base; however, the mechanistic details of ciliary gating are largely unknown. We previously proposed that entry of cytosolic components is regulated by mechanisms similar to those of nuclear transport and is dependent on nucleoporins (NUPs), which comprise a ciliary pore complex (CPC) [6, 9] . To investigate ciliary gating mechanisms, we developed a system to clog the pore by inhibiting NUP function via forced dimerization. We targeted NUP62, a component of the central channel of the nuclear pore complex (NPC) [10] , for forced dimerization by tagging it with the homodimerizing Fv domain. As proof of principle, we show that forced dimerization of NUP62-Fv attenuated (1) active transport of BSA into the nuclear compartment and (2) the kinesin-2 motor KIF17 into the ciliary compartment. Using the pore-clogging technique, we find that forced dimerization of NUP62 attenuated the gated entry of cytosolic proteins but did not affect entry of membrane proteins or diffusional entry of small cytosolic proteins. We propose a model in which active transport of cytosolic proteins into both nuclear and ciliary compartments requires functional NUPs of the central pore, whereas lateral entry of membrane proteins utilizes a different mechanism that is likely specific to each organelle's limiting membrane.
A System of Forced Dimerization of NUP62 Disrupts Active Transport through the NPC and CPC To investigate the role of the ciliary pore complex (CPC) in ciliary gating mechanisms, we developed a system to specifically disrupt CPC function in mammalian cells. We reasoned that forced dimerization of core nucleoporins (NUPs) of the CPC would restrict their mobility and clog the pore. We thus tagged core NUPs with the modified FKBP domain Fv (also known as DmrB) and induced dimerization by addition of the homodimerizing drug Rapalog-2 (also known as B/B homodimerizer [HD] and referred to hereafter as HD). A similar method that involved engineering a central NUP with a binding motif (dynein light chain-interacting domain) for a large protein, Dyn2 [11] , was recently used to block the nuclear pore complex (NPC) in yeast cells. Transcriptional upregulation of the engineered NUP plugged the pore and blocked nucleocytoplasmic transport. Our system has the advantage of rapid induction via drug addition.
The nucleoporin NUP62 is a functional component of the central pore of the NPC ( Figure 1A ; [10] ) and also localizes to the CPC at the ciliary base [6] . We created four constructs in which the Fv domain was placed at the N terminus, at the C terminus, or at two different internal regions of NUP62 (Figure S1A available online) by using a previously described NUP62-EGFP3 construct ( Figure S1B ; [6, 12] ) as a backbone. When expressed in NIH 3T3 cells, the Fv-NUP62 constructs localized to the nuclear envelope as well as to the base of the cilium (Figures S1C and S1E), as expected. These results indicate that fusion of an Fv domain or a fluorescent protein tag does not affect NUP62 localization.
We tested the ability of the Fv-NUP62 constructs to clog the NPC upon forced dimerization by measuring the nuclear import of rhodamine-labeled BSA containing a nuclear localization sequence (rhod-BSA-NLS). Only the C-terminally tagged NUP62 construct, NUP62-Fv-EGFP3, fulfilled the criteria of allowing nucleocytoplasmic transport in the absence of HD and blocking transport in the presence of HD ( Figures 1C and  1D and summarized in Figure S1A ). Forced dimerization of NUP62-Fv-EGFP3 also attenuated corticosterone-induced nuclear import of the HIV-1 transactivating protein Rev, fused to the hormone-binding region of the glucocorticoid receptor (Gr) and GFP (Rev-Gr-GFP; [13] ) ( Figures S2A and S2B ). Although the mechanism underlying the differences between the Fv-NUP62 constructs is unclear, it is likely that domain location and/or orientation within the NPC [14] affects the ability of the Fv-NUPs to clog the NPC. Consistent with this, recent work using rapamycin-induced FKBP-FRB heterodimerization to link NUPs and transport cargoes suggested that the efficiency of the linkage is dependent on the transport cargo [15] .
We tested the ability of the NUP62-Fv construct to clog the CPC upon forced dimerization by measuring ciliary import of the kinesin-2 family member KIF17, whose entry into the ciliary compartment is known to be regulated by NUPs of the CPC [6] . We used a Cerulean (Cer)-tagged version of NUP62-Fv (Figures 1B and S1C) and measured ciliary import of KIF17 by using fluorescence recovery after photobleaching (FRAP) in cells expressing KIF17-mCit with the ciliary marker Arl13b-mCherry ( Figure 1E ). KIF17-mCit in the ciliary tip was photobleached, and the fluorescence recovery was measured in the absence and presence of HD. In control cells, KIF17-mCit fluorescence recovered over 30 min due to the entry of new KIF17-mCit molecules from the cytosol into the cilium ( Figures  1F and 1G ). In the presence of HD, the FRAP rate was significantly decreased ( Figure 1G ). Forced dimerization of NUP62-Fv did not cause long-term effects such as a reduced population of ciliated cells (data not shown), presumably due to incomplete blockage of ciliary entry. Addition of HD did not affect the fluorescence recovery of KIF17-mCit in cells not expressing NUP62-Fv ( Figure S2C ) or in cells expressing NUP62-Cer ( Figure S2D , no Fv domain), indicating that decreased ciliary entry upon pore clogging was not due to nonspecific effects of HD. These results demonstrate that forced dimerization of NUP62-Fv attenuates the gated entry of ciliary proteins, presumably by clogging the CPC.
Taken together, these results suggest that NUP62 of the CPC is involved in active transport of cytosolic proteins into both the ciliary and the nuclear compartments. To test whether central NUPs are also involved in regulating diffusive entry of cytosolic proteins into these compartments, we tested whether forced dimerization of NUP62-Fv blocked the entry of recombinant GFP (rGFP) microinjected into the cytoplasm of NIH 3T3 cells expressing NUP62-Fv-Cer. We found that after 20 min, the diffusional entry of rGFP into both the nucleus and the cilium was not altered by addition of HD and clogging of the central pore (Figure 2 ). Although there may be effects on the dynamics of rGFP entry not measured in our assay, these results are consistent with the finding that disrupting NUPs does not affect diffusional passage of small molecules through the NPC [16] [17] [18] . Thus, forced dimerization of NUP62-Fv specifically disrupts NUP62-dependent active transport mechanisms in both the NPC and the CPC, whereas it does not affect NUP62-independent transport such as diffusion. 
Forced Dimerization of NUP62-Fv Attenuates Gated Entry of Cytosolic Proteins into the Cilium
Having established the use of NUP62-Fv as a tool to attenuate active transport of cytosolic molecules into the nuclear and ciliary compartments, we used this approach to examine the role of NUPs of the CPC in ciliary gating. We initially tested whether forced dimerization of NUP62-Fv could disrupt ciliary import of cytosolic proteins.
Gli2 is a transcription factor of the Hedgehog signaling pathway [19, 20] . When expressed in NIH 3T3 cells, GFP-Gli2 localized to the tip of the cilium. In the absence of HD, GFPGli2 fluorescence recovered up to w40% in 40 min, and in the presence of HD, this fluorescence recovery was significantly reduced ( Figures 3A and S3A ). These results indicate that forced dimerization of NUP62-Fv inhibits ciliary entry of GFP-Gli2, suggesting that ciliary entry of Gli2, similar to KIF17, is regulated by NUP62-dependent mechanisms.
Tsga14 (also known as CEP41) and Gtl3 (a homolog of Chlamydomonas BUG22) were recently identified as ciliary proteins by proteomic analysis of cilia isolated from a kidney cell line [21] . When expressed in NIH 3T3 cells, Tsga14-GFP localized along the entire cilium ( Figure 3B ), whereas Gtl3-GFP was more enriched in the basal region ( Figure 3C ), as previously described [21] . Their average fluorescence intensities along the cilium were measured for FRAP analysis. In the absence of HD, fluorescence of Tsga14-GFP recovered up to w60% in 20 min ( Figures 3B and S3B ), whereas that of Gtl3-GFP recovered up to w80% in 30 min (Figures 3C and  S3C ). In the presence of HD, the FRAP of both Tsga14-GFP and Gtl3-GFP was significantly decreased ( Figures 3B and  3C ), suggesting that ciliary entry of these proteins is regulated by NUP62-dependent mechanisms.
Intraflagellar transport (IFT) is a crucial system for maintenance and function of cilia; we thus investigated whether ciliary entry of IFT components would be affected by forced dimerization of NUP62-Fv. IFT88 and IFT20 are core or peripheral components of the anterograde IFT-B subcomplex, respectively [22, 23] . In NIH 3T3 cells stably expressing IFT88-mCit, the protein was localized to the entire cilium, and almost no signal was observed in the cytoplasm or the nucleus ( Figure 3D ). Given previous reports of IFT88-YFP localization at the ciliary tip [24] or along the entire cilium [3] in IMCD3 cells, localization of IFT88 might differ slightly according to cell types and/or experimental conditions. For IFT20-GFP, low levels of fluorescence were detected along the entire cilium in NIH 3T3 cells ( Figure 3E ), similar to previous results in IMCD3 cells [25] . In control FRAP experiments, both IFT88-mCit and IFT20-GFP fluorescence recovered up to w80% in 30 min ( Figures 3D, 3E , S3D, and S3E). Interestingly, in the presence of HD, the FRAP of IFT88-mCit was significantly decreased, whereas that of IFT20-GFP was not affected (Figures 3D and 3E ). In summary, these results suggest that NUPs of the CPC are involved in ciliary import of most cytosolic proteins into the ciliary compartment.
That ciliary entry of cytosolic proteins utilizes molecules and mechanisms of nuclear transport was previously shown for the kinesin-2 motor KIF17 [6, 9] . We now extend these results to show that central NUP proteins regulate the ciliary entry of a variety of cytosolic proteins, ranging from transcription factors (Gli2 and potentially Gtl3) to IFT particle components (IFT88). Interestingly, only IFT20-GFP displayed ciliary transport properties that were not blocked by forced dimerization of NUP62-Fv ( Figure 3E ). IFT20 is thought to be a peripheral component of the IFT-B subcomplex [23] and has been proposed to play a role in the sorting of ciliary proteins at the Golgi complex [25] [26] [27] [28] [29] . Thus, IFT20-GFP could gain access to the cilium via its interaction with membrane proteins rather than as a cytosolic IFT component. Alternatively, IFT20-GFP could enter the cilium by passive diffusion because its small size (w15 kDa), even when fused with GFP (w27 kDa), is below the size-exclusion limit of the ciliary barrier [6] [7] [8] .
Forced Dimerization of NUP62-Fv Has No Effect on Gating of Membrane Proteins into and out of the Ciliary Compartment
We next used forced dimerization of NUP62-Fv to test whether NUPs of the CPC play a role in regulating ciliary entry of membrane proteins. For peripheral membrane proteins, we used mCitrine tagged with a dual palmitoylation sequence (PalmPalm-mCit) and retinitis pigmentosa 2 (RP2) tagged with GFP (RP2-GFP). Palmitoylation provides a point of membrane association [22] , resulting in targeting of mCitrine to both the ciliary and plasma membranes ( Figure 4A ). RP2-GFP was also localized to ciliary and plasma membranes (Figure 4B) , as previously described [30] . The FRAP rates of these proteins were more rapid (w80% recovery in 5 min; Figures 4A,  4B , S3F, and S3G), compared to those of the cytosolic proteins (20 min or more to reach plateau; Figure 3 ). Import of PalmPalm-mCit was not affected by forced dimerization of NUP62-Fv ( Figure 4A ), whereas that of RP2-GFP was only slightly affected at early time points ( Figure 4B ). That ciliary entry of RP2 was unaffected by forced dimerization of NUP62-Fv was surprising because the importin-Ran system has been shown to regulate ciliary entry of RP2 [30] . It is possible that the small size and membrane anchor of RP2 enable it to bypass the pore clogging induced by forced dimerization of NUP62-Fv. We conclude that ciliary entry of the peripherally membrane-associated proteins PalmPalm-mCit and RP2-GFP is largely independent of NUP62.
We then tested whether transport of transmembrane proteins into cilia is affected by forced dimerization of NUP62-Fv. A number of studies have documented that transmembrane proteins show little to no fluorescence recovery in FRAP experiments [3, 5, 8, 24] , and we also found this to be true for the somatostatin receptor 3 (Sstr3; data not shown).
Thus, we utilized a mutant form of Smoothened (SmoM2), which constitutively localizes to the ciliary membrane in the absence of Hedgehog ligand [31] . The fluorescence recovery of SmoM2-YFP was very low (w30% in 30 min; Figures 4C and S3H) and was unaffected by the addition of HD ( Figure 4C ). These results suggest that ciliary entry of SmoM2 is independent of NUP62.
To further explore the role of NUP62 in gating transport of transmembrane proteins between the cell body and the ciliary compartment, we tested whether the Hedgehog-dependent movement of several transmembrane proteins was affected by forced dimerization of NUP62-Fv. First, the Hedgehogdependent entry of Smo was analyzed by staining untreated and HD-treated cells with an antibody to the endogenous Smo protein. Addition of Sonic hedgehog (Shh) induced the ciliary localization of Smo protein [32] , a transport process that was not altered by forced dimerization of NUP62-Fv (Figures 4D and S4A ). Second, we tested the Hedgehog-dependent ciliary exit of the Hedgehog receptor Patched (Ptch1) and the orphan G protein-coupled receptor Gpr161. The amount of Ptch1 protein in the ciliary compartment was increased by treating cells with smoothened agonist (SAG); ciliary exit was then stimulated by Shh treatment (Figures 4E  and S4B ; [33] ). Gpr161-mCit localized to the ciliary compartment when expressed in NIH 3T3 cells but was exported upon exposure to SAG or Shh (Figures 4F and S4C ; [34] ). Forced dimerization of NUP62-Fv-Cer did not affect the ciliary exit of either endogenous Ptch1 ( Figures 4E and S4B ) or expressed Gpr161-mCit ( Figures 4F and S4C) proteins. Taken together, in contrast to the case of cytosolic proteins, forced dimerization of NUP62-Fv does not appear to affect ciliary transport of peripheral membrane or transmembrane proteins.
Our results provide the first analysis of NUP function in the gating of membrane proteins into and out of the ciliary compartment. Our finding that ciliary gating of membrane proteins is independent of CPC function has two broad implications. First, our results provide a unifying theme for the field in suggesting that ciliary entry of cytosolic proteins requires NUPs of the CPC, whereas ciliary entry of membrane proteins is regulated by alternative mechanisms that presumably involve proteins of the transition zone whose functions are compromised in ciliopathies [35, 36] . Second, these results further extend the parallels between ciliary and nuclear import processes because nuclear import of transmembrane proteins is largely independent of central components of the NPC [37, 38] .
Distinct Pathways for Ciliary Transport According to the Class of Proteins
Entry into the cilium is a gated process that requires distinct molecules and mechanisms. By developing a novel system to specifically block NUP-based barriers, we investigated the role of central pore NUPs in regulating ciliary entry. Diffusional entry of small cytosolic proteins into the ciliary and nuclear compartments was not affected by disrupting NUP62 function at the CPC or NPC, respectively, consistent with previous work [6] [7] [8] [16] [17] [18] . We show that ciliary entry of most cytosolic proteins was attenuated by forced dimerization of NUP62-Fv. Thus, we propose that ciliary entry of cytosolic proteins, including IFT motors and particles, occurs via a NUP-containing channel at the ciliary base. This is similar to nuclear transport, where entry of cytosolic proteins requires active transport processes that utilize a functional central channel within the NPC [39] [40] [41] . We show that in contrast to cytosolic proteins, ciliary gating of membrane proteins was unperturbed by forced dimerization of NUP62-Fv, suggesting that ciliary gating of membrane proteins involves a distinct transport pathway that likely utilizes molecules of the transition zone [35, 36] . Likewise, the lateral entry of membrane proteins into the nuclear compartment is largely independent of the central pore and may utilize peripheral channels in the NPC [37, 38] . Although this work extends the parallels between nuclear and ciliary import processes, further work is required to decipher the hierarchy of signals and molecular interactions that mediate targeting to the ciliary base, transport across the ciliary barrier, and transport within the ciliary compartment. For example, ciliary import of RP2 is regulated by importin-b2 [30] yet appears to be independent of NUP62 function, indicating a multilayered complexity to ciliary gating mechanisms.
Our results open up new questions about how IFT motors and their cargoes cross the ciliary gate. For example, are kinesin motors and IFT particles required for trafficking of membrane proteins into and/or within the ciliary compartment? We propose that ciliary entry of cytosolic proteins is both IFT-and NUP-dependent, whereas membrane proteins cross the ciliary barrier independent of IFT particles and central NUPs of the CPC. This proposal is consistent with recent studies demonstrating that entry of phospholipase D, a peripheral membrane protein, and SAG1, a transmembrane protein, into cilia is independent of IFT [42, 43] and that movement of transmembrane proteins within the ciliary membrane is also largely independent of IFT [44] . Also, it is interesting to note that recent evidence using cryoelectron microscopy has identified pores at the ciliary base in Tetrahymena, and these pores may be the sites where the CPCs are localized [45] . The NUP composition and structural organization of these pores may differ from that of the NPC because no membrane structure is thought to surround the pores at the cilium base. Further investigation into both the structural and functional basis of the CPC will provide insights for cilium-specific gating mechanisms. 
Experimental Procedures Drug Treatments
To induce forced dimerization of NUP62-Fv, 1.5 mM B/B HD (Clontech) was added to culture medium for 2 hr before experiments. For corticosterone-induced nuclear import of Rev-Gr-GFP, cells were transfected with Rev-Gr-GFP and NUP62-Fv-Cer for 24 hr and treated with HD or vehicle (ethanol) for 2 hr, and then 1 mM corticosterone was added for 60 min, as previously described [13] . To assess the Hedgehog-induced redistribution of transmembrane proteins, we treated cells with Shh-containing conditioned media from NSHH-transfected (NShh-pCDNA3) COS7 cells and/or 250 nM SAG (Enzo Life Sciences). For analysis of expressed and endogenous Smo, cells were serum starved for 24 hr and treated with HD or vehicle (ethanol) for 2 hr, and then Shh-conditioned medium was added for 2 hr before fixation and staining. For analysis of endogenous Ptch, cells were serum starved for 24 hr and then incubated with SAG in serum-free media for 24 hr. After a 2 hr incubation with HD or ethanol, Shh-conditioned medium was added for 4 hr, and then the cells were fixed and stained. For analysis of transfected Gpr161-mCit, cells were serum starved for 24 hr and treated with HD or ethanol for 2 hr, and then 0.1% (v/v) DMSO, Shh-conditioned medium, or SAG was added to medium. After 24 hr incubation, the cells were fixed and stained. Flow diagrams of these experiments are shown in Figure S4 .
FRAP FRAP experiments and analyses were performed as described [46] . A Nikon A1 confocal system with 603 water immersion objective (NA 1.20) was used. A stage-top incubator (Tokai Hit) was used to maintain cells at 37 C and 5% CO 2 . Three sequential images were taken and then the fluorescently tagged ciliary protein of interest was photobleached with the lowest laser power required for photobleaching (varied depending on construct). Fluorescence images were obtained for both Arl13b-mCherry and the EGFP-or mCit-labeled proteins, and the Arl13b-mCherry images were used to ensure the position of the cilium during imaging and postimaging quantification. The focus was adjusted between image acquisitions when a cilium seemed to be going away from the focal plane (typically once every 10 min). Fluorescence intensities were measured using ImageJ software (NIH). A region of interest (ROI) was selected to include all signals in the cilium; circular ROIs were used for KIF17-mCit and GFP-Gli2 that are localized in the ciliary tip, whereas segmented line ROIs (2-3 pixels in width) were used for proteins that localized along the cilium. After background subtraction, the fluorescence intensities of the ROI were normalized against the averaged intensities of the three prephotobleaching images. Normalized fluorescence intensities at each time point were compared between the absence and presence of HD by t test.
Additional experimental procedures can be found in the Supplemental Experimental Procedures. 
